Abstract. An outbreak of West Nile virus (WNV) in and around New York City during the late summer of 1999 was the cause of extensive mortality among free-ranging birds. Within the Bronx Zoo/Wildlife Conservation Park, viral activity was also observed and produced some morbidity and mortality among specimens in the zoo's bird collection and probably caused morbidity in at least one specimen from the zoo's mammal collection. To determine the extent of the outbreak and attempt to ascertain the temporal appearance of virus within the park, a serologic survey of birds and mammals was performed. The survey showed that 34% of tested birds (125 of 368; 124 species) were positive for antibody to WNV. The virus caused a disease to infection ratio of 22% (27 of 125) among birds with a 70% (19 of 27) case fatality rate. In contrast, only 8% of the mammals (9 of 117; 35 species) possessed antibody to WNV and there was no virus-associated mortality. Testing of banked and fresh sera obtained from both birds and mammals revealed that there was no evidence of WNV circulation before the 1999 outbreak and that birds introduced into the park were not the source of the New York outbreak. West Nile virus RNA was detected in tissues from one bird that died in February 2000, long after the end of the mosquito transmission season. The potential importance of zoologic parks as possible sentinels for emerging diseases is discussed.
INTRODUCTION
West Nile virus (WNV) is a mosquito-borne virus belonging to the genus Flavivirus, family Flaviviridae, and is the causative agent of West Nile fever and West Nile encephalitis. The virus is a member of the antigenic complex that includes St. Louis, Murray Valley, and Japanese encephalitis viruses 1, 2 . Until recently, the virus was found only in the eastern hemisphere including all of Africa and the Middle East and parts of Europe, Russia, India, and Indonesia. Significant epidemics and epizootics of this virus have recently been reported within its previous geographic range in Romania, Russia, Italy, and Israel. [3] [4] [5] [6] [7] [8] [9] Transmission cycles involving a variety of wild birds and Culex species mosquitoes are thought to be the primary mechanism for maintenance of the virus in endemic areas. Humans and most other non-avian species are incidental hosts, failing to produce viremias of sufficient magnitude to infect susceptible mosquitoes. 10 The degree of virulence of this virus among vertebrate hosts is variable, ranging from inapparent to lethal depending on species, age, and other factors. 11, 12 An outbreak of human encephalitis in New York City during the late summer of 1999 was caused by WNV and represented the first time that the virus had been identified in the western hemisphere. [13] [14] [15] Confusion resulting from the antigenic similarities between West Nile and St. Louis encephalitis viruses, combined with the unexpected nature of the introduction of WNV into the United States, resulted in a delay in the identification of the etiologic agent responsible for this outbreak. 16, 17 Also serving to delay the identification was a failure to recognize an association between extensive mortality among wild avian species, which had been observed earlier in the summer, and subsequent human disease.
The Wildlife Conservation Society's Bronx Zoo/Wildlife Conservation Park (BZ/WCP), New York City, was among the first organizations to recognize the beginnings of an extensive epornitic of unknown etiology among wild birds. As early as the beginning of August 1999, unusually high morbidity and mortality occurred among the BZ/WCP's avian collection. This paper describes the outbreak at the BZ/WCP during the late summer and fall of 1999 and the results of a serologic survey of zoo fauna conducted to determine the extent and timing of the outbreak.
MATERIALS AND METHODS
Study site. The BZ/WCP is the largest urban zoo in the United States. The 265-acre park encompasses large areas of mature native hardwood forest dominated by oak, ash, and cherry trees interspersed with ornamental vegetation, schist bedrock outcroppings, and glacier remnant diabase boulders. Natural and artificial rivers, streams, ponds, vernal pools, and wetlands are present throughout the grounds. The animal collection consists of more than 4,500 individual mammals, birds, reptiles, and amphibians of more than 600 species or subspecies maintained in indoor or outdoor naturalistic exhibits. In addition, numerous free-ranging native species are found throughout the grounds. During the study period, the collection consisted of between 1,079 and 1,249 bird specimens belonging to 271 species in 73 families and 22 orders. The mammal collection consisted of between 935 and 946 specimens belonging to 115 species in 33 families and 11 orders.
Collection of biological samples. Blood samples were obtained from mammals and birds (collection specimens or clinically ill or injured native wildlife) by Wildlife Health Center clinical veterinarians. During either routine management or medical procedures venipuncture was performed on animals manually restrained or chemically immobilized, depending on species.
Blood samples were placed into blood-collection tubes with or without heparin. In the absence of heparin, blood was allowed to clot. Serum or plasma was separated from the clot or blood cells by centrifugation. Plasma and serum aliquots were frozen at −30°C until shipped on dry ice to the United States Army Medical Research Institute of Infectious Diseases (USAMRIID) for analysis. All serologic analysis was conducted in biocontainment safety level 3 laboratories.
Cell lines and viruses. Cell lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD).
All cell culture media and supplements were obtained from GIBCO-BRL Life Technologies (Gaithersburg, MD), unless otherwise specified. Vero 76 (ATCC CRL 1587) cells were maintained at 36°C in minimal essential medium with Earle's salts, 5% fetal bovine serum, 2 mM L-glutamine, 200 units/ml of penicillin, and 200 g/ml of streptomycin.
The WN-USAMRIID99 strain of WNV was isolated from a dead American crow (Corvus brachyrhynchos) found on the grounds of the BZ/WCP at the beginning of the outbreak. 18 Virus used in all studies was in its second Vero cell-culture passage. The St. Louis encephalitis (SLE) virus (TBH-28 strain) was isolated from a human during the 1962 Tampa Bay, Florida outbreak. 19 All SLE virus used in these experiments came from the seventh suckling mouse brain passage.
Serologic assay. The plaque-reduction neutralization test (PRNT) was performed as previously described. 20 Briefly, virus diluted to contain approximately 100 plaque-forming units per 0.1 ml was mixed with an equal volume of serial four-fold serum or plasma dilutions. This mixture was incubated overnight at 4°C and inoculated into duplicate wells of 12-well plates. Inoculated plates were incubated for one hour at 37°C, then overlaid with nutrient medium containing 1% agar. A second nutrient agar overlay containing 0.167% neutral red was applied 48 hours later and plaques were counted the following day. The neutralizing antibody titer was considered positive at the highest serum dilution that inhibited Ն 80% of the plaques compared with the virus control titration (PRNT 80 ) and is expressed as the reciprocal of that dilution.
A preliminary study showed that the PRNTs obtained from serum or plasma collected from the same animal at the same time were equivalent. Therefore, no distinction will be made between serum or plasma antibody titers reported in this manuscript.
RESULTS
Clinical observations. The clinical signs in birds were often nonspecific. Many were found dead with no premonitory signs. Several birds had neurologic abnormalities including abnormal head or neck posture, ataxia, tremors, circling, disorientation, and impaired vision. Marked unilateral or bilateral posterior paresis occurred in several birds, similar to the profound muscle weakness experienced by some human patients. 21, 22 Generalized signs of illness included depression, anorexia, weakness, weight loss, and recumbency. The clinical course was usually less than one week, but ranged from one to 24 days before recovery or death. Hematologic and biochemical changes were nonspecific, and in many cases merely reflected the bird's debilitated condition. Most birds showing clinical signs died, but a few recovered.
The only suspected cases of WNV disease among the mammals were two Indian rhinoceroses (Rhinoceros unicornis) that presented with depression, lethargy, partial anorexia, and a lip droop. Both made uneventful recoveries. One animal was antibody negative prior to the onset of symptoms and developed detectable neutralizing antibody to WNV during recovery. The cause of illness in the second animal could not be confirmed.
In birds, the most prominent gross lesions included widespread hemorrhage of the calvarium, meninges, brain, spinal cord, heart, and gastrointestinal tract; pale foci in the myocardium; hepatosplenomegaly; renal swelling and congestion with a pronounced lobular pattern; and diphtheritic intestinal membranes. Histologic lesions included meningoencephalitis with perivascular cuffing; necrotizing myocarditis; lymphoplasmocytic enterocolitis; pancreatitis; nephritis; necrotizing splenitis; hepatic coagulative necrosis; and widespread visceral congestion and hemorrhage. 18 A provisional diagnosis of WNV infection in birds was based on the gross and histologic lesions. Virus isolation, serologic testing, electron microscopy, immunohistochemical staining, and/or in situ hybridization were used to confirm viral infection. The association between WNV and illness or death of 18 captive and 17 free-ranging birds could not be confirmed by one or more of the techniques described above and were therefore not included in any analysis.
Serologic results. Serum or plasma samples taken from 485 individual animals representing 124 species, 50 families, and 24 orders were tested for the presence of WNV-neutralizing antibodies (Table 1) .
Among the birds, samples from 89 species representing 32 families and 17 orders were collected and tested (Tables 2 and  3 ). Seroprevalence among all avian species tested was 34% (125 of 368) ( Seroprevalence among the different orders represented in the sampled population ranged from 0% to 100% (Table 2) . However, among orders from which five or more birds were sampled, seroprevalence ranged from 20% to 83%. The Strigiformes (owls) had the highest seroprevalence (83% [5 of 6] ) and the Columbiformes (pigeons) the lowest (20% [6 of 30] ). Among the birds, several families exhibited 100% seroprevalence although sample size from these families was limited (Table 2 ). Among those families from which five or more birds were sampled, the Cathartidae (vultures), Corvidae (crows and related species), Gruidae (cranes), and Pelicanidae (pelicans) had the highest seroprevalence (80% [4 of 5] , 75% [6 of 8] , 83% [5 of 6] , and 71% [5 of 7] respectively). The minimum geometric mean PRNT 80 among all seropositive birds was 706 with a range of 10 to > 10,240. All birds with a WNV PRNT Յ 80 and 30 additional sera selected at random from those with titers > 80 were tested for neutralizing antibodies directed against SLE virus. Of these birds, only four possessed SLE PRNTs equal to or greater than their respective WNV PRNTs. All four of these sera had WNV PRNT 80 s Յ 80. None of the sera from birds possessing WNV PRNT 80 s > 80 possessed any detectable neutralizing antibody to SLE virus. Among the mammals, serum samples from 35 species representing 18 families and seven orders were collected and tested (Tables 4 and 5 ). Overall, the seroprevalence rate was 8%, with all positive samples coming from captive species. Seropositive species came from nearly every order tested ( Table 5 ). The relatively small number of seropositive animals included Indian elephant (Elephas maximus indicus), Indian rhinoceros (Rhinoceros unicornis), ring-tailed lemur (Lemur catta), red panda (Ailurus fulgens fulgens), snow leopard (Panthera uncia), and babirusa (Babyrousa babyrousa) ( Table 4 ). The number of mammal samples tested was more limited than the number of bird samples tested; however, several observations are worth noting. All domestic goats tested (23) and domestic and non-domestic equids (8) were sereonegative while relatively high proportions of other species were seropositive, including two of six elephants and two of four snow leopards.
In an attempt to ascertain the temporal appearance of WNV in the Bronx Zoo, banked serum samples taken from animals that were antibody positive during the outbreak were tested for the presence of neutralizing antibodies to WNV. The average time between the bird serum samples was 3.5 years and ranged from 32 days to 5.1 years. Of the 36 birds tested, only three had pre-existing neutralizing antibodies to WNV before the summer of 1999 (Table 6 ). For all three of these samples, serum SLE PRNTs were at least fourfold greater than serum WNV PRNTs. Two of the three positive birds exhibited a characteristic anamnestic serologic response between the first and second serum sample, suggesting recent flavivirus exposure (most likely WNV). The single positive mammal from which multiple sera were obtained (the rhinoceros) did not show evidence of WNV infection before the fall of 1999. Epizootiology. The epornitic curves for the outbreak are shown in Figure 1 . The curves were generated from data obtained from birds that presented with clinical signs suggestive of WNV infection. Because no clinical signs are pathognomonic for WNV infection, illness in some of these clinical cases may not have been caused by infection with WNV. Therefore, only birds that showed clinical signs of disease and seroconverted to WNV were included in this analysis. Seventeen (of 27) of these birds were also positive for WNV RNA by reverse transcriptase-polymerase chain reaction and/or possessed histologic lesions consistent with WNV infection, and/or were positive by WNV-immunohistochemical analysis. Samples from some of the clinically and serologically positive birds were not available for additional confirmatory testing. By these criteria, sick birds from the captive population began to appear as early as July 1999. The outbreak peaked in September and was essentially over by November. A few sporadic cases consistent with WNV infection appeared during January through March 2000.
The overall case fatality rate was very high, ranging from 69% [11 of 16] in captive birds to 100% [6 of 6] in free-ranging birds (Table 1) . However, based on the criteria established in this report, the overall disease to infection ratio was lower, ranging from 0.14 in captive birds to 0.5 in free-ranging birds. There were some apparent differences in bird susceptibility to infection among orders ( Table 2 ). The disease to infection ratio varied from a low of 0.09 among the Galliformes to a high of 1.00 in the Sphenisciformes (penguins). The case fatality rates were fairly consistent among orders with most of them exhibiting rates of 100%. Interestingly, the Sphenisciformes showed the highest disease to infection ratio but the lowest case fatality rate; however, the number of specimens from this particular order was relatively small (seven birds). Because birds within the BZ/WCP occasionally die of disease unrelated to WNV infection, it is possible that WNV disease to infection ratios may actually be overestimated. Birds that died from other known causes were excluded from analysis.
Among the mammals, the disease to infection ratio was low (0.11, Table 1 ) and no fatal cases of disease were observed. Because of the small number of mammal sera tested and the general lack of clinical disease exhibited by these animals, disease to infection ratios and case fatality rates were difficult to interpret. As described earlier in this report, the Indian rhinoceroses were the only mammals to exhibit clinical signs consistent with WNV infection. Although serum was collected from only one of these animals, it was positive for antibodies to WNV.
There was no association between sex and positive WNV serology ( 2 ‫ס‬ 0.543, P ‫ס‬ 0.8157) for either the birds or the mammals. Using a logistical regression model to test the relationship between animal age and positive serology, a statistically significant association of age and seropositivity was found (P < 0.0001) for the birds. No similar association was observed for the mammals. These data suggest that the odds of seropositivity increased with bird age.
DISCUSSION
The appearance of WNV in the western hemisphere represents a significant new risk to human and animal health throughout the Americas. An understanding of the long-term effects of WNV on the human population and on indigenous and captive wildlife species, and definitive knowledge of the mechanisms of maintenance and general ecology of the virus will only be fully known after the virus has had an opportunity to reach an equilibrium in the New World. The observance of sick and dying birds within the BZ/WCP in New York was one of the first recognized indicators of an unusual emerging disease in the summer and early fall of 1999. While the virus caused the death of many valuable collection animals, it also afforded a unique opportunity to observe some of the ecologic features of this virus in a relatively controlled environment. In particular, it allowed observations on host range and susceptibility to disease in a wide variety of species in a relatively confined geographic area.
Based on serologic analysis of samples obtained from zoo animals, the host range of this virus appears quite broad. Individuals, representing approximately half of the bird species tested, developed antibodies to WNV during the outbreak. The diversity of families and orders represented by these seropositive birds suggests that most major groups of birds are susceptible to infection. These data are consistent with data obtained from serosurveys of wild birds within the United States where as many as 78 species were found to be positive for WNV antibodies (Komar N, unpublished data) . The role of each species in the maintenance and amplification of the virus is dependent on the magnitude and duration of viremia produced by each species. Based on other studies (Komar N, unpublished data), magnitude and duration of viremia, and thus ability to amplify and maintain WNV in nature, is likely to be quite variable. While there was broad species susceptibility to infection, the actual disease to infection ratio was apparently quite low, suggesting that most infections are inapparent. In a comparison of disease to infection ratios between free-ranging and captive birds, the rates of inapparent infections were significantly greater in the captive birds ( 2 ‫ס‬ 5.12, P ‫ס‬ 0.0236). One reason for this may be that the captive birds represent a large, generally healthy population, while free-ranging birds are only presented to the BZ/ WCP when they are ill. This difference may also be a reflection of the relative susceptibility of native Old-World versus New-World birds to disease. Although only 154 of 368 birds (42%) tested were New-World birds, 14 (82%) of 17 deaths occurred in New-World birds. In addition, the disease to infection ratio was 20% (14 of 69) for New-World birds versus 5% (3 of 57) for Old-World birds. Co-evolution of WNV with these birds may have led to a stable relationship where infection rates are high but disease, and thus mortality, is relatively low. Birds native to the New World have not had sufficient time to acquire or exploit genetic resistance and thus have higher rates of disease. Rapid selection for resistances to disease has been observed after artificial introductions of infectious diseases into new areas. 23, 24 As with previous observations within the United States, the highest rates of disease appeared in the Corvidae (crows and related species). It should be emphasized, however, that almost all samples tested from this family were from freeranging birds so the denominator data are biased toward individuals exhibiting signs of disease. High rates of disease were also observed among the Strigidae (owls), Spheniscidae (penguins), and Threskiornithidae (Ibis). However, in the latter case, sample size was limited, so results must be interpreted carefully.
The observation of a correlation between age of the birds and seropositivity is interesting in that no birds were seropositive for WNV before the 1999 outbreak. Normally, an increase in seropositivity among older birds would reflect increased opportunity for infection as a result of living in an endemic area for a longer period of time. The increased seropositivity among older birds in the BZ/WCP outbreak may have resulted from chance; however, several other possible explanations exist. Older birds may exhibit less effective antimosquito behavior or be less sensitive to mosquito bites than younger birds, thereby increasing the opportunity for exposure. The older birds may be more attractive to vector mosquitoes or be easier to locate as result of their larger body surface area or specific physiologic factors that increase or enhance attractiveness.
The general lack of antibodies to WNV found in indoor birds is consistent with the arthropod-borne nature of the virus. The lone indoor bird found to be seropositive might have been infected by a mosquito that inadvertently found its way into the enclosure. Alternatively, it could have been infected during transport into or out of the enclosure or it may have been housed for a short period in an area with potential for mosquito exposure. These data provide a further illustration of the effectiveness of control strategies that reduce potential exposure to vector mosquitoes. Examination of the data provided evidence of possible SLE virus activity in the BZ/WCP. The activity of SLE virus was previously documented in New York, 25, 26 but the relatively low PRNT 80 s seen among collection birds does not suggest concurrent circulation of SLE virus and WNV. It should be pointed out that some of these birds were imported from other countries or acquired from other areas in the United States and may, therefore, have been exposed to SLE virus or other flaviviruses before acquisition by the BZ/WCP. More importantly, the observation of antibodies to SLE virus among collection birds serves to illustrate the importance of using diagnostic tests that differentiate between these antigenically related viruses.
The observation of mortality in a Waldrapp ibis (Geronticus eremita) during the winter of 1999-2000 was unexpected. In this case, the mortality could have been attributed to infectious diseases other than that caused by WNV; however, tissues from this bird possessed amplifiable WNV RNA at the time of death and were positive for WNV antigen by immunohistochemical analysis. This bird did not exhibit any signs of illness during the height of the epornitic. These data suggest the virus may either be transmitted between hosts in the absence of mosquitoes or it may establish latent or chronic infections. Such observations are consistent with reports on WNV persistence in experimental animals. 27, 28 Although mosquitoes are known to provide a possible overwintering mechanism for WNV in the United States, 29 chronically or latently infected birds could also provide a mechanism for virus overwintering and could lead to more rapid dissemination of the virus. 30 In contrast to the birds, only 8% (9 of 117) of the mammal species tested possessed antibodies to WNV. The difference in seroprevalence between birds and mammals is most likely an important ecologic feature of this virus. The prevalence of antibodies among vertebrate hosts of arboviruses can be affected by many different variables all related to the vertebrate host, mosquito vector, the virus, or the environment. 31 Such variables include the susceptibility of various host species to infection, animal population density, attractiveness to vector mosquitoes, and distribution of hosts. Similarly, seroprevalence may be affected by the competence of different mosquito species to infection, rates of viral transmission and infection by mosquitoes, mosquito population density, mosquito age structure, biting rates, preference for host species, distribution of vectors, and climate. During the BZ/WCP outbreak, it is likely that seroprevalence in animals was related to vector host preferences because most of the other variables were controlled for by the spatial timing of the outbreak and distribution of potential hosts within the zoo. In many areas of the zoo, significant numbers of seronegative mammals were present immediately adjacent to or in the same enclosures with seropositive birds. This would suggest either ornithophilic vectors were the most abundant species present, or that more general feeders were not competent vectors. Recent work has shown that a wide variety of mosquito species, including many general feeders, are competent vectors of WNV. 29 The data presented in this work are consistent with the hypothesis that WNV entered the United States during 1999 and had not been circulating undetected before the known outbreak. The unique opportunity to test animal sera obtained before, during, and after the outbreak showed that no tested animals possessed specific antibodies to WNV before the summer of 1999. Only six birds were imported into the BZ/WCP from international locations during 1999. All of these birds were WNV-antibody negative in October of 1999, 3-4 months after arrival. While these data do not precisely pinpoint the time of introduction, they do provide evidence that the virus was not circulating in the BZ/WCP before 1999 and that introductions of foreign birds into the park collection were not the source of the outbreak.
Emerging infectious diseases are an ever-increasing risk to human and animal health in the world. Large congregations of potentially susceptible and closely observed animals like those seen in zoologic parks could be critical components of a system designed to monitor and detect emerging diseases. In general, the animals in these parks are easier to handle and sample than free-ranging animals, allowing for serial sampling and repeated observations. Archived samples present in serum and tissue banks help to establish an approximate time of introduction or emergence. The animals can serve as effective sentinels because they are frequently observed and monitored. However, zoologic parks also provide the opportunity for the maintenance and propagation of rare and endangered species and therefore need to be protected from these diseases as much as do human and domestic animal populations.
